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Background: Increased biomechanical stresses within the abdominal aortic aneurysm (AAA)wall contribute to its rupture.
Calcification and intraluminal thrombus can be commonly found in AAAs, but the relationship between calcification/
intraluminal thrombus and AAA wall stress is not completely described.
Methods: Patient-specific three-dimensional AAA geometries were reconstructed from computed tomographic images of
20 patients. Structural analysis was performed to calculate the wall stresses of the 20 AAAmodels and their alteredmodels
when calcification or intraluminal thrombus was not considered. A nonlinear large-strain finite element method was used
to compute the wall stress distribution. The relationships between wall stresses and volumes of calcification and
intraluminal thrombus were sought.
Results: Maximum stress was not correlated with the percentage of calcification, and was negatively correlated with the
percentage of intraluminal thrombus (r  0.56; P  .011). Exclusion of calcification from analysis led to a significant
decrease in maximum stress by a median of 14% (range, 2%-27%; P< .01). When intraluminal thrombus was eliminated,
maximum stress increased significantly by a median of 24% (range, 5%-43%; P < .01).
Conclusion: The presence of calcification increases AAA peak wall stress, suggesting that calcification decrease the
biomechanical stability of AAA. In contrast, intraluminal thrombus reduces the maximum stress in AAA. Calcification
and intraluminal thrombus should both be considered in the evaluation of wall stress for risk assessment of AAA rupture.
(J Vasc Surg 2008;47:928-35.)Abdominal aortic aneurysm (AAA) is a degenerative
disease that involves the dilation and weakening of the
aorta. The prevalence of AAA is 8.8% in the population
aged 65 years, and about 10,000 people in the United
Kingdom (UK)1 and 15,000 people in the United States2
die from the rupture of AAA each year. The main clinical
indicators used to assess the risk of rupture are the maxi-
mum diameter and expansion rate of the AAA obtained
from ultrasound or computed tomography (CT) scanning.
Surgery is recommended when the maximum diameter of
AAA measures 55 mm or when maximum diameter ex-
pands 10 mm/y for smaller AAAs.3,4 Small aneurysms
can also rupture, however, and the overall mortality rate
associated with these may exceed 50%.5 Therefore, more
reliable criteria associated with the actual rupture potential
of the AAAs are needed to improve patient selection for
surgery or endovascular stenting.
AAA rupture can be seen as a structural failure when the
mechanical stresses acting on the dilated arterial wall exceed
its mechanical failure strength. The external forces that
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928exert on an AAA include blood pressure and wall shear
stress. Stress analysis can be used to study the stress distri-
butions within the AAA. If the local stress is high or there is
a stress concentration, the AAA can be considered as vul-
nerable or prone to rupture.6 Stresses in AAA wall are due
to the concomitant influence of many factors, including the
shape of the aneurysm, the characteristics of the wall mate-
rial, the shape and characteristics of the intraluminal throm-
bus (ILT) when present, the eccentricity of the patent
lumen, and the interaction between the fluid and solid
domains.7-11 Such biomechanical approaches toward as-
sessing the likelihood of AAA rupture have been previously
described.12-15
A patient-specific study has previously demonstrated
that maximum wall stress was 12% more specific and 13%
more sensitive in predicting AAA rupture than maximum
diameter alone.16 In other patient-specific studies, peak
stress was significantly higher in ruptured AAAs than in
nonruptured AAAs.17 Fully-coupled fluid-structure inter-
action of the AAA has also been used to investigate the flow
and pressure fields in the aneurysm simultaneously with the
wall stresses.8-10
Calcification is commonly found within the aneurysm
wall. Although AAA calcification is associated with a worse
cardiovascular prognosis, the influence of calcification on
biomechanical wall stress in AAAs has not been fully stud-
ied.18,19 Because calcification generally has a higher stiff-
ness than the surrounding arterial wall, it is postulated that
umen
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propensity to rupture.20
Approximately 75% of all AAAs have varying degrees of
ILT,21 which is a three-dimensional (3-D) fibrin structure
incorporated with blood cells, platelets, blood proteins,
and cellular debris. The role of ILT within AAA on the risk
of rupture has been highly controversial. Some investiga-
tors have suggested that ILT increases the risk of rup-
ture,22-24 whereas others believe that ILT may significantly
reduce AAA wall stress and therefore protect the AAA from
rupture.13,14,25,26 Still other investigators suggest that ILT
has no effect on the rupture risk.27,28
Themain aim of this study was to evaluate the impact of
calcification and ILT on AAA structural stability. The finite
element analysis method, which allows the study of com-
plex geometries and the determination of the impact of
specific material properties on stress magnitudes and distri-
bution, was applied to 20 human AAA lesions in this
patient-specific study.
METHODS
The method included (1) reconstruction of 3-D AAA
geometry (arterial wall, ILT, calcification, and lumen) from
the CT examinations; (2) assignment of the mechanical
properties for arterial wall, ILT, and calcium deposits; and
(3) structural analysis. Three models were created for each
patient: an unaltered AAA model, a no-calcification model
(when calcification was replaced with normal arterial wall),
and a no-ILT model (when ILT was eliminated). Each of
these procedures will be described subsequently.
Patients. Twenty patients (17 men, 3 women; median
age, 77; range, 60-89 years) who underwent a CT exami-
nation before surgery or endovascular treatment were ran-
domly selected. All patients had a history of hypertension
and were either current or ex-smokers. None of the patients
were symptomatic or had a ruptured AAA. The maximum
median AAA diameter as determined on CT was 5.4 cm
(range, 3.8-7.0 cm). This was a retrospective study, and the
Local Ethics Committee waived informed consent.
Computed tomography imaging. All patients under-
A B
Fig 1. A, Cross-sectional computed tomography imag
calcification, intraluminal thrombosis, arterial wall, and lwent CT examinations of their abdomen and pelvis beforeand after the intravenous injection of 100 mL of iodinated
contrast medium (Iopimadol, Niopam 300, Bracco UK
Ltd., High Wycombe, Bucks, UK) by using a power injec-
tor (5 mL/s flow rate) on a 16-slice spiral CT machine
(Somatom Sensation 4, Siemens Medical Solutions, Erlan-
gen, The Netherlands). The imaging protocol included
automated bolus tracking (scan initiation at the peak of
contrast uptake), with a collimation of 16  0.75 mm, a
512 512 matrix, and a 26- 26-cm field of view. Other
parameters were 200 mAs and 120 KVp.
Abdominal aortic aneurysm reconstruction.
Geometries of AAAs were reconstructed from the entire set
of 2-D CT slices. In brief, 2-D cross-sectional images of the
abdominal aorta were obtained from immediately distal to
the renal arteries to immediately proximal to the iliac bifur-
cation. These images were imported into ScanIP image
processing software (Simpleware Ltd, Exeter, Devon, UK)
for segmentation. The lumen was the most distinguishable
object in a CT image owing to the bright contrast agent.
The noise in the image was reduced by using a Gaussian
filter with a 3  3 kernel to clarify the lumen boundaries.
The lumen boundaries were segmented automatically using
threshold based on the pixel intensities. The calcification
regions were also picked up automatically during the
threshold. The calcification areas were identified by sub-
tracting the lumen region. Because the lumen borders were
obtained automatically, the geometric models recon-
structed were reproducible.
The boundary of the arterial wall was traced using a
semi-automatic method in the diseased part of the artery.
We manually segmented the inner boundary, and by subtly
varying the window width, it was possible only to visualize
the soft tissue of the uncalcified wall. The thickness of the
wall equals the local wall thickness minus the calcification
thickness in the radial direction. The position of the calci-
fication is defined by the distance between the center of the
calcification and the centerline of the vessel wall. In the
healthy part of the artery, the thickness was assumed to be
1.9 mm.29 The region of thrombus was defined by the area
within the inner wall minus the lumen area (Fig 1). The
Arterial wall
Lumen
Calcification
ILT
ws an abdominal aortic aneurysm. B, Segmentation of
.e shodistinction between healthy and diseased part of the aorta
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diameter of 3 cm as a general guide for definition of
healthy artery.
Upon “stacking” of all 2-D image data in 3-D space,
the 3-D aneurysm, including artery wall, ILT, and calcifi-
cation was produced (Fig 2, A). Surface smoothing was
controlled in ScanIP, and a curvature cutoff and a maximal
iteration can be given to reduce surfaces containing sharp
corners, which may result in artificial stress concentration.
This smoothing was done on all the surfaces of AAA
components including ILT, calcification, and vessel wall.
The 3-D reconstructed AAA model was then meshed (Fig
2, B) using ScanFE (Simpleware Ltd). A cutting-section is
shown to illustrate the detail meshes of ILT and calcifica-
tion (Fig 2, C). The 3-D reconstructed AAA model was
then exported to ABAQUS 6.6 software (ABAQUS Inc,
Pawtucket, RI) for finite element preprocessing.
Volume ratios of calcifications and intraluminal
thrombus. The total volumes of AAA, calcium deposit,
and ILT were calculated in ScanFE by summing the pixel
elements. The percentage volume of calcification was cal-
culated as [Ca  (VCa /VAAA)  100%] and ILT was
calculated as [ILT  (VILT /VAAA)  100%], where VCa
and VILT indicated the volumes of calcification and ILT,
and VAAA was the volume of the AAA.
To gauge the amount of increase in internal stress, a
percentage change in stress was calculated. The percentage
changes in stresses when calcification was removed was
calculated by the equation [ILT  (  nCa)/ 
100%], and when ILT was eliminated, by the equation
[ILT  (  nILT)/  100%], where  was the
A
Fig 2. Three-dimensional model derived from the com
aneurysm (AAA). A, Reconstruction of the AAA shows
arterial wall, and lumen). B, Three-dimensional mesh o
model shows the detail meshes of the AAA componentsmaximum von Mises stress of the unaltered model, andnCa and nILT were the maximum von Mises stress of the
no-calcification model and no-ILT model, respectively.
Material properties. Calcification, ILT, and AAAwall
were assumed to be hyperelastic, homogenous, incom-
pressible, and isotropic materials. The AAA arterial wall and
ILT were modeled using the nonlinear hyperelastic wall
mechanical properties derived byWang et al30 and Raghvan
and Vorp31 from uniaxial testing of 69 excised human
AAAs. The strain energy functions for AAA wall and ILT
were [W C1(IB 3) C2(IB 3)
2] for the arterial wall
and [WD1(IIB 3)D2(IIB 3)
2] for ILT, whereW
was the strain energy, C1 and C2 were material parameters
for the wall, and IB, and IIB were the first and second
invariants of the left Cauchy-Green deformation tensor B
(IB  tr B; IIB  1/2 [(tr B)
2  tr(B)2]). The constants
were set to the population mean values C1  174,000 Pa
and C2 1,881,000 Pa; D1 26,000 Pa andD2 26,000
Pa. It has been shown that use of population mean values
does not affect the wall stress result in a significant man-
ner.32,33
Experimental study in mechanical properties of calcifi-
cation in AAAs is very limited, to our knowledge. One
study, byMarra et al,34 investigated the elastic modules and
hardness of calcified deposits from AAAs34; and in the
other, Loree et al35 studied calcified aortic atherosclerotic
tissue and found a circumferential tangential modulus of
calcified aortic plaque.35 For our study, we chose the pa-
rameters of the Mooney-Rivlin model, which has been
previously used in a study of plaque calcification.36
Mooney-Rivlin materials can be described by two con-
stants, and their values for calcification were taken as A 
C
d tomography reconstruction of the abdominal aortic
AA components (calcification, intraluminal thrombus,
AAA model. C, Longitudinal cross-section of the AAAB
pute
the A
f the18,804.5 Pa and B  20.36
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similar to those previously used by our laboratory to study
carotid plaque stability.37,38 Finite element analysis divides
a complex structure into small areas, called “elements,” for
which the stress distribution can be more easily studied. A
mean systolic blood pressure was used by averaging the
systolic pressure measurements of each of the 20 patients.
This is appropriate, because we wanted only to examine the
impact of calcification and ILT on the AAA wall stress and
not introduce another variable in the equation. This pres-
sure was applied to the inner surface of corresponding
models as an outward-acting tractional-loading condition.
The outer surface of the AAA was considered load-free. No
contact with the spine and abdominal organs was simu-
lated. The shear stress acting on the wall by flowing blood
was neglected in this study because research has shown that
it is several orders of magnitude smaller compared with wall
stresses.8,39,40 Both ends of the models were fixed to sim-
ulate the tethering to the rest of the aorta. The residual
stress was not considered in this study.
A nonlinear large deformation model was used, and the
AAA components were simulated using a hyperelastic ma-
terial formulation. Tetrahedral elements were used for all
AAA components, and the minimal number of elements,
894,000, was used. Two other meshes of differing mesh
refinement were tested to assess the solution grid indepen-
dency. The maximum vonMises stress was compared in the
three cases and a relative error of 2% was found.
The stress distribution in each AAAwas computed with
the well-validated ABAQUS 6.6 finite element analysis
software. For each patient, analyses were done on the three
models (unaltered model, no-calcification model, and no-
ILTmodel). All computations were performed on a 64-bit,
4 duel-core, 2.6-GHz processors, high performance com-
puting cluster with a 32GB RAM. The maximum von
Mises stresses were recorded for each analysis. Image seg-
mentation is semi-automatic, and it takes approximately 3
hours to reconstruct a 3-DAAAmodel. It takes a further 30
minutes of computer simulation time.
Statistics. Statistical analysis was performed with SPSS
13.0 software (SPSS Inc, Chicago, Ill). To compare the
differences between maximum stresses of the three models,
a paired t test was used. P  .05 was considered significant
for concluding that the two sets of data had different means
(t test).
Two approaches were used to study the association
between the percentage volume of calcification or ILT and
changes in wall stresses. First, we tested for a correlation
between the amount of calcification or ILT and the maxi-
mum stress levels in the AAA using the nonparametric
Spearman correlation test. Second, we used the Spearman
test to test for a correlation between the amount of calcifi-
cation or ILT and the changes in stress.
RESULTS
Each patient had different degrees of calcification (me-
dian percentage volume, 4.6%; range, 0.3%-13%) or ILT
(median percentage volume, 49%; range, 11%-78%). Themaximum AAA diameter and maximum von Mises stresses
are reported in the Table. The maximum AAA diameter
and maximum stresses did not correlate (P  .734), and
neither did the amount of calcification and ILT (P .337).
The stress distribution within each AAA was largely depen-
dent on the thickness of arterial wall and the AAA surface
curvature, which supports the findings of other similar
studies.15,41 The maximum stresses occurred in very small
regions, and wall stresses in most regions were generally
30% of the maximum stresses (Fig 3).
A comparison of 3-D wall stress distributions between
the three AAA models is shown in Fig 3. The stress con-
tours in the no-calcification model (Fig 3, B) were smooth
and the stress variation was caused by the AAA geometry
alone, whereas the contours in the unaltered model (Fig 3,
A)were less smooth due to the local stress concentration at
the locations of calcifications. A high stress or stress con-
centration can be often found at the location of calcification
(Fig 3, A). This result shows the presence of calcification
changes the stress distribution within AAA. Stresses were
higher in the no-ILT model (Fig 3, C), which adhered to
the commonly used law of Laplace. Fig 4 shows a box-plot of
maximum stresses within the three models for the 20 AAAs.
Maximumwall stresses increasedwhen the calcification-included
models and noncalcification models were compared. The me-
dian increase inmaximumstressdue tocalcification for thegroup
was 14% (range, 2%-27%).This changewas significant (P .01).
A similar test was performed for ILT, and maximum
stresses decreased when ILT was included in the analysis.
The median decrease in maximum stress due to ILT for the
group was 24% (range, 5%-43%). This change was also
significant (P  .01).
No significant correlation was, however, found be-
tween stress and the percentage volume of calcification in
the group (P  .45; Fig 5, A). This result suggests that
having more calcification does not indicate the presence of
higher stresses in the AAA. A similar approach was applied
on ILT to test the correlation between the amount of ILT
and the maximum stresses. A significant negative correla-
tion was found between stress and the percentage volume
of ILT in this group (r  0.56; P  .011; Fig 5, B).
The relationship between changes in stress and the
percentage of calcification and ILT was also tested. The
correlation between changes in stress and the percentage
Table I. Characteristics and maximum von Mises stresses
of the abdominal aortic aneurysms
Variable No. or median (range)
AAAs 20
Age, years 77.0 (60.0-89.0)
Maximum AAA diameter, cm 5.4 (3.8-7.0)
Percent volume of calcification 4.6 (0.3-13.0)
Percent volume of ILT 49.0 (11.0-78.0)
Maximum von Mises stress (kPa) 199.5 (152.0-365.0)
AAA, Abdominal aortic aneurysm; ILT, intraluminal thrombosis.volume of calcification was significant for the group (r 
-intr
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larger amount of calcification results in a bigger increase of
AAA wall stresses. For ILT, there was a significant positive
correlation between the amount of ILT and stress changes
in the group (r  0.863; P  .001; Fig 6, B).
DISCUSSION
It is generally recognized that rupture of an AAA occurs
when the stress acting on the wall during the cardiac cycle
exceeds the strength of the wall. Wall stress simulation
based on a patient-specific AAA model appears to give a
more accurate rupture risk assessment than AAA diameter
alone. Wall stress is associated with AAA geometry and its
components. Insight into the individual factors of AAA
stability is important because strategies to prevent AAA
rupture may rely on identifying factors that contribute
prominently to AAA stability. This study evaluated the
effect of calcification and ILT on the computed AAA wall
Fig 3. Three-dimensional wall stress distributions amon
(A) unaltered model, (B) no-calcification model, (C) nostress.Calcification is commonly found in AAAs, and the
effect of calcification on the stability of AAAs is unclear. We
used patient-specific models to study its effect on wall
stress, and the results show that the presence of calcification
increases maximum wall stresses and alters stress distribu-
tion. Calcification can result in local stress increase and
stress concentration at the locations of calcification. The
finding on the relationship between amount of calcification
and maximum wall stresses suggests that more calcification
does not necessarily mean a higher wall stress.
The location of calcification may be more important in
evaluating its effect on wall stress than the relative amount
of calcification. The location of calcification is also of par-
ticular interest in the studies in the carotid circulation; for
instance, previous work has shown that the presence of
calcium deposits within atheroma tended to decrease the
stress within the plaque and was therefore protective.36
However, the location of calcium deposits just adjacent to
three abdominal aortic aneurysm models are compared:
aluminal thrombus (ILT) model.g thethe lumen within the fibrous cap was a risk factor for
(r  0.56; P .011).
represents an outlier.
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particular importance.42-44 In our model of AAA, the pres-
ence of calcium increased the wall stress. This is because in
AAA, calcification is usually found as rim calcification
within the adventitia rather than within ILT; whereas in
atheroma, calcification can be found at the lipid core at
which plaque stress can be decreased.
Intraluminal thrombosis is present in most large
AAAs.21 The formation of ILT has been linked with plate-
let exposure to a high and low sequence of wall shear stress,
a common characteristic in AAA.45 The role of ILT on the
rupture risk of AAA has been controversial. Intraluminal
thrombus was shown to reduce oxygen diffusion to the
AAA wall, which may cause local hypoxia and wall weaken-
ing.24 Kazi et al46 demonstrated that the AAAwall adjacent
to the ILT was thinner and there were more macrophages
and other inflammatory cells than in walls without ILT.
Experimental studies suggest that ILT does not reduce
pressure on the aneurysm wall.28,47 However, computa-
tional analyses have shown that ILT reduces peak wall
stress.26,32 Our study has also shown that a large relative
amount of ILT is associated with a lower wall stress and that
more ILT leads to a larger wall stress reduction.
Furthermore, ILT is likely not a homogeneous material
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Fig 6. Relationship of abdominal aortic aneurysm (AAA) compo-
nents to maximum ad minimum stresses. A, Correlation between
changes in stress when calcification was replaced within arterial wall
and percentage volume of calcification in unaltered AAA. A signif-
icant correlation was found (r 0.685; P .001). B, Correlation
between changes in stress with and without intraluminal thrombo-
sis (ILT) and percentage volume of ILT in unaltered AAA. This
correlation was also significant (r  0.863; P  .001).A
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Fig 5. Relationship of abdominal aortic aneurysm components to
maximum vonMises stresses.A,Correlation of stress (in kPa) with
percentage volume of calcification. The correlation between per-
centage volume of calcification and stress was not significant
(P .450). B, Correlation of stress with percentage volume of
intraluminal thrombus (ILT). There was a significant moderate
negative correlation between stress and percentage volume of ILTFig 4. Box and whisker plot of maximum von Mises stresses
within the unaltered, no-calcification, and no-intraluminal throm-
bosis models of abdominal aortic aneurysms. The horizontal line in
the middle of each box indicates the median; the top and bottom
borders of the box mark the 75th and 25th percentiles, respec-
tively. The whiskers mark the 90th and 10th percentiles. The circleand is a very complex component (maybe organized or
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material mechanical properties of ILT, the current assump-
tion is the best effort in the computational simulation. A
large ex vivo experimental test is needed for future study in
this area. A realistic material model is crucial in the model-
ling of AAA wall stress, and this is a basis of the computa-
tional simulation of AAA stability. In aortic aneurysms, the
thrombus is usually more lamellated and perhaps of more
organized chronic type,48 In the future, this model can of
course be improved by considering the variation of ILT
properties.
Higher stresses can often be found at the shoulders of
the AAAs, where a big change of AAA shape presents. It can
be easily explained by using Laplace’s Law. The thickness of
artery is smaller where the vessel is healthy; so given the
same pressure load, the resulted wall stress is higher at this
location. From a purely structural engineering point of
view, bending is higher at the junction between the healthy
and the diseased part of the vessel.
Risk stratification of AAA rupture is thought to be a
multifactorial process that includes biologic, biomechani-
cal, and biochemical factors. The biologic factors have been
widely studied and reviewed,49 but the biomechanical fac-
tors are still not fully understood. This study concentrated
on the wall stress using a computational simulation to
demonstrate the stress distributions within the patient-
specific AAAs. Although we have used state-of-the-art im-
age segmentation and reconstruction methods along with
complex nonlinear material models in our analysis, several
assumptions and limitations still need to be discussed.
The AAA component materials were assumed to be
isotropic, incompressible, and homogenous. Each single
material was assigned a set of parameters to govern for the
stress/strain relationship. In vivo materials have more com-
plex characteristics than those used in this study; therefore,
the stress values may not represent the actual stress condi-
tion within the AAAs.
The purpose of this study, however, was to examine the
contribution of calcification and ILT on AAA wall stress.
The relative stress changes rather than the exact stress
magnitudes were examined. Future work is needed in the
assessment of the mechanical properties of AAA compo-
nents. The use of the maximum stress alone may not be
enough in the consideration of AAA stability. The two
major determinants for AAA rupture are wall stress and wall
strength. An AAA ruptures only when the local stress
exceeds the local wall strength. However, lack of AAA
material strength data made it impossible to predict the
local strength value for comparison with local stress value.
It remains difficult to determine the failure strength of a
particular AAA without destructively testing a piece of
tissue excised from it.
Another limitation is that the clinical use of wall stress
calculations has been hindered by long computational time.
It took about 4 hours to calculate the wall stress using our
high performance computer cluster; however, with the fast
improvements in costs and accessibility of computational
power, this will be less of a problem in the future.CONCLUSIONS
The presence of calcification increases wall stress in
AAA, suggesting that calcification decreases the biome-
chanical stability of AAA. The location of calcification
rather than the amount of calcification plays a role in
determining the maximum wall stress. In contrast, the
presence of ILT reduces the maximum stress in AAA, and
wall strength may need to be considered to assess AAA
stability. The relative amount of ILT is associated with AAA
wall stress. Calcification and ILT should both be consid-
ered in the evaluation of wall stresses for AAA rupture risk
assessment. Future work is needed on the understanding of
the mechanical properties of AAA components. The addi-
tion of calcified plaque and thrombus may further improve
estimation of aneurysm rupture risk using finite element
modelling. Further investigation including a better under-
standing of AAA material properties and failure strength
may finally help in creating more realistic computational
models to be used as a clinical adjunct in the future for
effective decision making in AAA surgical and endovascular
repair.
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